Abstract Ocean tides are changing worldwide for reasons unrelated to astronomical forcing. Changes in tidal properties coupled with altered mean sea level (MSL) may yield higher peak water levels and increased occurrence of short-term exceedance events, such as storm surge and nuisance flooding. Here we investigate the hypothesis that changes in relative sea level are correlated with alterations in tidal amplitudes. Our approach focuses on the correlation between short-term (monthly to interannual) fluctuations in sea level with changes in tidal properties of major ocean tides (M 2 , and K 1 ; S 2 and O 1 ) at 152 gauges. Results suggest that sea level variability is correlated to interannual tidal variability at most (92%) of tide gauges in the Pacific, with statistically significant rates between 610 and 6500 mm per meter sea level rise observed. These tidal anomalies, while influenced by basin-scale climate processes and sea level changes, appear to be locally forced (in part) and not coherent over amphidromic or basin-wide scales. Overall, the Western Pacific shows a greater concentration of tide/sea level correlations at interannual time scales than the Eastern Pacific; 44% and 46% of gauges are significant in K 1 and O 1 in the west compared to 29% and 30% in the east, and 63% and 53% of gauges in the west are significant in M 2 and S 2 versus 47% and 32% in the east. Seasonal variation in tidal properties is less apparent in the empirical record, with statistically significant seasonal variations observed at only 35% of all gauges, with the largest concentrations in Southeast Asia.
Introduction
Ocean tides have exhibited long-term trends worldwide over the past century Woodworth, 2010) , with some local hot spots exhibiting changes up to 8% per century (e.g., Jay, 2009) . Mean sea levels (MSL) are increasing (Church & White, 2006 , in part due to increased surface water temperature and stratification, and previous work has proposed a link between sea level rise and tidal evolution related to changes in stratification (e.g., Colosi & Munk, 2006; M€ uller, 2012; M€ uller et al., 2012) and MSL rise (Arbic et al., 2009) . If this reasoning holds, then seasonal and interannual changes to sea level caused by variations in wind, water temperature, river flow, and other processes should also produce shifts in tidal properties. This motivates a basin-wide survey of tidal properties and sea level fluctuations over the Pacific basin. By evaluating 152 gauges, we investigate the prevalence of tide and sea level correlation, and seek a spatial signature. A basin-scale coherence would suggest large-scale changes to the ocean system, such as altered global energy dissipation or amphidromic movement. By contrast, a statistical signature that is only locally coherent might suggest that local bathymetry, friction, stratification, and resonance processes drive sea rise in the Northeast Pacific was below the global average over the same period. The anomalously rapid sea level rise in the western Pacific is underestimated in most models, likely due to a low variability in tropical zonal wind stress (Peyser & Yin, 2017) . However, the extreme rate in the Western tropical Pacific is unlikely to persist unabated (Bromirski et al., 2011) . The El Niño/Southern Oscillation (ENSO) is a strong contributing factor to sea surface anomalies in the Pacific (Collins et al., 2010; K€ ohl et al., 2007) . Local, short-term MSL anomalies associated with ENSO are often much larger than long-term trends in MSL rates (Merrifield et al., 2009 (Merrifield et al., ), and major events (e.g., 1997 (Merrifield et al., -1998 give rise to widespread MSL fluctuations, with yearly averaged MSL rises or falls of 200 mm or more (Nerem et al., 1999) . ENSO related sea level variability is difficult to remove entirely from MSL time series, due to its quasi-periodic behavior, and large geographical extent that the signal affects (Hamlington, et al. 2011) . A recent increase in upper-ocean warming may also be leading to an increased decadal sea level rise (Domingues et al., 2008) . Lastly, on a seasonal time scale, regions affected by the monsoon may exhibit strong monthly MSL variability due to rainfall and wind patterns (Wyrtki, 1961) .
Coupled MSL and Tidal Change
MSL may influence or be correlated with tidal evolution in a variety of ways, on both local and basin-wide (amphidromic) scales. Depth changes may influence tides on a basin scale through a ''coupled oscillator'' mechanism between the shelf and the deep ocean (Arbic et al., 2009; Skiba et al., 2013) . Increasing water depth can modify propagation and dissipation of tides (Arbic & Garrett, 2010; Pugh, 1987) by directly changing wave speed in shallow areas, or through changing the effect of bottom friction. Internal changes to stratification and thermocline depth produce a steric sea level signal and may alter the surface manifestation of internal tides, producing a detectable change at tide gauges (Colosi & Munk, 2006) . Seasonal variations in tides may be due to changes in water column stratification (Kang et al., 1995; M€ uller, 2012) , or by river flow (Guo et al., 2015; Hoitink & Jay, 2016) . Tidal constituents can be correlated through resonant triads, producing tangible variations as sea level fluctuates (Devlin et al., 2014) . The shifting of the Journal of Geophysical Research: Oceans 10.1002/2017JC013165 amphidromic points, e.g., as seen around Britain and Ireland (Pugh, 2004) , is possibly associated with changes in regional tidal properties, but it is a symptom, not a cause (e.g., Pickering et al., 2012) . In harbors and estuaries, increased water depths can alter tidal prism, resonance, and frictional properties (Chernetsky et al., 2010; Holleman & Stacey, 2014) . Finally, observed changes in the S 2 tide may be influenced by alterations in daily solar heating and irradiance (Arbic, 2005; Godin, 1986; Munk & Cartwright, 1966; Ray, 2001 ).
Tidal constituent amplitudes are a function of multiple variables:
Amp tidal 5f ðH; r; W x ; . . .Þ
where H is the water depth (including MSL, waves, storm surge, ocean stratification, river inflow, winds, etc.), r is friction, and W x represents frequency-dependent tidal response to astronomical tidal forcing. The ''. . .'' indicates other variabilities not considered here, such as wind. A changing constituent amplitude (DAmp tidal ) requires that one or more of these variables change:
DAmp tidal 5f ðDH; Dr; DW x ; . . .Þ
In turn, each of the variables which cause tidal change depend on multiple factors, producing complex feedback loops:
H5f ðq; Q r ; . . .Þ ! DH5f ðDq; DQ r ; . . .Þ (3b)
The depth-averaged tidal response function is a function of astronomical forcing but also water depth and the friction generated at boundaries. In turn, water depth depends on vertical land movement (Holgate & Woodworth, 2004) , global sea level rise (Church & White, 2011) , and multiple, site specific factors including the local water density (q), local river discharge, Q r (Guo et al., 2015) , and both local and far field wind forcing (Merrifield, 2011) effects. The effective frictional damping depends on water depth, stratification, and mixing induced at the bottom and surface boundaries. Finally, density q, as well as the change in buoyancy and stratification, is a function of water temperature, T w , water salinity, T s , river discharge, Q r , and mixing, m x :
q5f ðT w ; S w ; Q r ; m x ; . . .Þ ! Dq5f ðDT w ; DS w ; DQ r ; Dm x ; . . .Þ
Applying the chain rule to equation (2), and considering the variabilities of all factors will yield a general expression for the variability in tidal amplitudes:
DAmp tidal 5f ðDH; DQ r ; Dq; Dm x ; Dr; DW x ; . . .Þ
It is readily apparent from the above derivation that many of the variabilities can be correlated to each other.
In Figure 1 , we show a simple cartoon of the various mechanisms that can affect MSL and tides. Changes in water depth (DH) can be due to changes in buoyancy (Dq), which is a function of water temperature (T w ). An increase in T w will decrease the density of the upper layer (q u ), increasing DH (Domingues et al., 2008) , and adjusting Dm x. Altered frictional effects (Dr) can manifest from changes in DH (Holleman & Stacey, 2014) . The ''coupled oscillator'' effect between the shelf regions and the open ocean can lead to modifications of tidal amplitudes via changing Dr and DW x . (Arbic et al., 2009) . Internal tides can change via modulations of DH and Dq, which can change the wave phase relative to the barotropic tide, which can modulate the surface expression of the tidal amplitude (Colosi & Munk, 2006) . Resonance is a function of DH and Dr; small changes in water depth or local friction may change the resonance of enclosed bays and harbors through modification of DW x which can either increase or decrease tidal amplitudes (Garrett, 1972) . Water depth changes are also dependent on DQ r in estuarine locations. An increase in DQ r will increase MSL locally, but the increased friction of the incoming tide interacting with the outgoing river discharge can change Dr, decreasing tidal amplitude (Godin, 1991) . Resonant triad interactions, such as between the M 2 , K 1 , and O 1 tides, can be amplified through changes in DH and Dq that change local geometry and then modify all three tidal amplitudes in the relationship (Devlin et al., 2014) . Finally, on a larger scale, changes in DH can also affect the structure of basin-wide amphidromic systems via movement or shifting of the cotidal lines (Pugh, 2004) . Correlations of these multiple mechanisms can make it difficult to discern the causes of observed variability. However, defining these correlations is still vital to guide future investigations, which, as the results described below suggest, are best carried out on a regional basis.
Coastal inundation is associated with peak water level, not mean sea level, and depends on the combined effects of tides, storm surge, sea level variability, inland precipitation, river flow, and other factors which may lead to increases in extreme water level exceedance probabilities. This has been shown for many regions worldwide, including the Australian coasts (Haigh et al., 2014; Pugh & Woodworth, 2014) , the United Kingdom (Svensson & Jones, 2002 , 2004 , the Netherlands (Klerk et al., 2015) , China (Lian et al., 2013) , and the United States (Wahl et al., 2015 (Wahl et al., , 2016 . A more detailed listing of other studies that focus on compound factor coastal flooding is given in Table SM .2 in the supporting information of Moftakhari et al. (2017) . In some locations, secular changes to tidal range far outpace sea level rise (e.g., Wilmington, NC, Familkhalili & Talke, 2016) , and help drive flood risk. Moreover, since storm surge is a long wave, factors affecting tides can also alter storm surge (Arns et al., 2017; Familkhalili & Talke, 2016) . To understand the potential importance of tidal evolution, consider the results of Buchanan et al. (2017) . Increased sea level, higher flood levels and more frequent flooding events are estimated to increase the number of local 100 year flood events for US coastline locations 40-fold, even keeping tides and storm frequency fixed. Some locations could see an even greater increase in lower frequency flood events, all driven by MSL rise. Any positive correlation between tides and sea level fluctuations implies that flood risk cannot simply be assessed via superposition of present day tides and surge onto a higher baseline sea level.
Nuisance flooding, minor flooding events that happen at high tide without a storm surge, also known as ''sunny day flooding'' (Sweet & Park, 2014) will have an increasing importance as sea level rise continues. Nuisance floods are typically nondestructive on an individual basis, but inconvenient. Cumulatively, however, many such occurrences can cause negative financial and societal impacts to coastal regions. Roads can be flooded and concrete damaged, leading to logistical interruptions (Suarez et al., 2005) , sewers and drainage systems can be overwhelmed (Cherqui et al., 2015) , and public health risks can be amplified (Ten Veldhuis et al., 2010) . Flood probabilities and cumulative hazards are likely to further increase under future sea level rise scenarios, with an increased effect during El Nino events (Moftakhari et al., 2015 (Moftakhari et al., , 2017 . Figure 2 shows a simple schematic of nuisance flooding with four cases of flooding shown. In the past when MSL was lower, it would take a storm surge (dark blue) to surpass local flooding levels [situation (a)], but under higher MSL conditions of the present day with tides unchanged, inundation can occur at high tide, especially on the higher spring Some mechanisms related to MSL that can lead to tidal changes are local (such as friction in harbors and bays), but at least two mechanisms, amphidromic movement and altered resonance, may produce linear responses in tides over large geographical areas. For example, in Kemp et al. (2017) , it was shown that the response of the M 2 tide in the resonant Long-Island Sound was approximately linear for a 1 or 2 m perturbation in sea level. On the German North Sea coast, tide changes appear to be caused (in part) by frictional changes and by an alteration in the amphidromic system. As shown by (Arns et al., 2017) , the changes are linear for small sea level rises, but the response decreases for high-emission RCP scenarios. Depth changes in estuaries caused by channel deepening sometime produce a linear response over a large range of depth (e.g., Familkhalili & Talke, 2016) but have also been known to produce an adverse nonlinear response (Chernetsky et al., 2010) , particularly when multiple processes-such as increased depth, reduced hydraulic roughness, and altered resonance work together. On the other hand, some mechanisms-such as the internal tide phase change proposed by Colosi and Munk (2006) -are limited in their effects.
As local water levels begin to overwhelm existing flood defenses, nuisance flooding will become more problematic, as ''tipping points'' of coastal inundation are exceeded, which may occur by midcentury (Sweet & Park, 2014) . Land subsidence is also an important consideration, as an increase in local mean sea level (MSL) (measured relative to land) can reduce the difference between high tidal levels and flood stage (Kriebel & Geiman, 2013; Sweet et al., 2013) and increase the frequency of nuisance flooding (Sweet & Park, 2014; VandenbergRodes et al., 2016) . There is also considerable individuality in harbor response to MSL changes. For example, Boston, MA, has been more susceptible to nuisance flooding since 2011 (Ray & Foster, 2016) , but this pattern has not been observed at other regional harbors. If tidal range increases as MSL increases, then nuisance flooding risk will increase more rapidly than a static treatment of tides would indicate. On the other hand, some coasts may experience decreased tides as MSL rises, partially mitigating the adverse effects of MSL rise.
Our methodology can help determine when nonstationarity in tides needs to be considered in future estimates of flooding. Additionally, since regional trends in total water levels are of more relevance than global trends, the results of this study will give a more accurate picture of the risks to coastal region infrastructure, 
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and will assist in efficient coastal planning strategies for the upcoming century. Areas with increased flooding probabilities will have more information to resist and mitigate the impacts.
The remainder of this paper is structured as follows. Methods are described in section 2, results and disseminated and discussed in section 3, and conclusions and future work are detailed in section 4. Detailed descriptions of the method used to derive the results and additional figures and tables are provided in the supporting information package.
2. Methods Table S1 .
Tidal Analysis 2.2.1. Tidal Admittance Calculations
Investigations of tidal trends are carried out using a tidal admittance method. An admittance is the unitless ratio of an observed tidal constituent to the corresponding tidal constituent in the astronomical tide generating force expressed as a potential, V, which is divided by the acceleration due to gravity, g, to yield a quantity, Z pot (t) 5 V/g, with units of length that can be compared to tidal elevations Z obs (t) on a constituent by constituent basis, via harmonic analysis. Because nodal and other low-frequency astronomical variability is present with similar strength in both the observed tidal record and in V, its effects are eliminated in the yearly analyzed admittance time series, to the extent that the oceanic response to low-frequency astronomical forcing is linear. In monthly analyses, admittance largely eliminates the apparent seasonal variability of analyzed constituents due to constituents not included in the analysis, e.g., the effects of P 1 and K 2 on K 1 and S 2 , respectively. Yearly tidal harmonic analyses are performed at monthly time steps (and monthly harmonic analyses at weekly time steps), on both the observed tidal records and the hourly Z pot (t) at the same location, using the r_t_tide MATLAB package (Leffler & Jay, 2009 ), a robust analysis suite based on t_tide (Pawlowicz et al., 2002) . The tidal potential is determined based on the methods of Cartwright and Tayler (1971) , and Cartwright and Edden (1973) using software obtained from Ray (personal communication, 2009) . The result from a single harmonic analysis of Z obs (t) or Z pot (t) determines an amplitude, A, and phase, h, at the central time of the analysis window for each tidal constituent, with error estimates. Analyzing the entire tide gauge record in yearly or monthly windows produces time series of amplitude and phase. From amplitude A(t) and phase h(t) time series, one can construct complex amplitudes Z(t):
Time series of tidal admittance amplitude (A) and phase lag (P) for a constituent are formed using equations (7) and (8):
Figure 3. Red dots indicate gauge locations in the Eastern Pacific, details are provided in supporting information Table S1 . Color bar indicates water depth, in meters. Areas with a depth less than 100 m are shaded gray, and land is black.
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PðtÞ5h obs ðtÞ2h pot ðtÞ
The size of the moving analysis windows chosen (yearly and monthly) are determined by the scales of variability to be examined and the distribution of astronomical tidal frequencies, and there are benefits and drawbacks to both window sizes. Yearly analyses return more tidal constituents, distinguish constituents separated by one cycle per year, resolve the nodal variability, and average out shorter-term seasonal variability, allowing a more precise analysis of decadal-scale variability.
Monthly analyses return fewer constituents (i.e., capturing constituent groups separated by 1 cycle per month rather than constituents separated by one cycle per year) and are noisier, but the shorter window length captures seasonal cycles that are obscured in yearly analyses. Our approach is consistent with recommendations of Pawlowicz et al. (2002) and Foreman (1977) regarding the use of monthly and yearly analyses.
The harmonic analysis that generates the As and Ps also provides an MSL time series. For each resultant data set (MSL, A and P), the mean and trend are removed from the time series, to allow direct comparison of their covariability around the trend. The magnitude of the long-term trends is typically much less than the magnitude of the short-term variability, which is now more apparent in the data. Applying trend removal also reduces the effects of land motions (e.g., glacial isostatic adjustment (GIA), subsidence, and tectonic effects. All of these are assumed linear on the time scale of tidal records) that occur on longer time scales, whereas we are concerned with short-term variability.
Tidal Anomaly Correlations (TAC)
Tidal range changes are quantified using tidal anomaly correlations (TACs), which are the relationships of detrended short-term tidal variability (seasonal to interannual) to detrended short-term MSL variability. The analysis is used to determine the sensitivity of individual constituents to a sea level perturbation, and the result is expressed as millimeter change in constituent amplitude per meter change in sea level. The M 2 , S 2 , K 1 , and O 1 tidal sensitivities (''anomaly correlations'') are considered separately. We assume that the interannual variability captured by TACs can be extrapolated to the longer time scales, subject to the qualification that the changes remain, in some relevant sense, ''small-amplitude.'' While a reasonable assumption for many processes (like reductions in friction caused by higher sea level, or the resonance response to small depth changes), this assumption may break down in other cases, for example, when tidal anomalies are caused by the changed phasing of internal waves (Colosi & Munk, 2006) . It is also likely not valid as the small-amplitude assumption is violated. To give a scale to the small-amplitude assumption, we suggest that in most cases, a 0.5-1 m change in MSL and a change in tidal amplitude of a few 10 s of cm would be small-amplitude for the purposes of this analysis. Thus, we report TACs in units of mm m 21 .
The detrended time series of A and P can each be compared to detrended MSL, but herein, only the absolute magnitudes of the A for major constituents will be considered, because of their direct role in changing high-water levels. The slope of the regression between A and MSL is the formal definition of the tidal anomaly correlation (TAC); it is deemed significant if the signal-to-noise ratio (found from comparing the magnitude of the TAC to the 95% confidence interval (CI) of the robust fitting error) is greater than 2.0. At most stations, monthly analyses will yield TACs that are similar in magnitude to the results from the yearly analyses (though occasionally noisier with larger errors). However, at some gauges, the variations in the correlations over the course of the year may change value or even reverse sign over the course of the year. To understand the seasonal fluctuations, the analysis results are computed for each calendar month over all years of data to yield 12 TAC determinations and associated errors. The difference between the maximum monthly TAC determination and the minimum monthly TAC determination are denoted seasonal tidal anomaly correlations, or STACs.
It should be mentioned that the actual observed variability in tidal amplitudes is always less than 60.3 m over the period of record. The units are chosen for convenience, and we do not claim to be able to validate Table S1 . Color bar indicates water depth, in meters. Areas with a depth less than 100 m are shaded gray, and land is in black.
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any extrapolation outside this range, especially if the small-amplitude assumption is violated. The analyses are standardized by only considering the last 30 years of all tidal record longer than 30 years. For gauges with a length of record less than 30 years, all data are used in the TAC determinations. A step-by-step description of the TAC and STAC methods is provided in the supplementary material.
Example of Yearly Analyses
The M 2 TAC results at Honiara in the Solomon Islands exhibit one of the clearest signals in our data inventory. Figure 5 shows the M 2 constituent at Honiara on the island of Guadalcanal (Solomon Islands, 9.41678 S and 159.9508 E). The TAC is plotted for the detrended M 2 absolute tidal amplitude versus detrended MSL. While the M 2 tide amplitude is relatively small at this location (50 mm), the anomaly correlation is large, 158.9 6 3.7 mm m 21 (118% of the local M 2 amplitude), and quite coherent. That the trend is reasonably linear over such a large range (>100% in terms of tidal amplitude and 0.45 m MSL) suggests that our analysis approach is valid, even in cases where the small-amplitude assumption is stretched.
Example of Monthly Analyses
The monthly analysis methodology is analogous to the yearly method, with monthly averaging and analysis windows instead of yearly, as described above. At about 25% of gauges, a seasonal difference (STAC) of >100 mm m 21 is observed. To illustrate an instance of seasonal behavior, the monthly TAC for the M 2 constituent at Sedili, Malaysia is shown in Figure 6 . Each data point is a monthly regression slope determination of monthly TACs, and the red bars show the 95% CI of each regression slope. The TAC changes greatly over the course of the year; the STAC is , using a tidal solution from the TPXO7.2 tide model (Egbert & Erofeeva, 2002 . Numeric values of the TACs are tabulated in supporting information Table S2 . For semidiurnal constituents, M 2 TACs are significant at 89 gauges and S 2 TACs are significant at 74. For the diurnal constituents, K 1 TACs are significant at 76 gauges and O 1 TACs are significant at 62 gauges.
Semidiurnal A-TAC Results
The M 2 TACs do not reveal any coherent basin-wide patterns of variability, though there are many localized features of interest. In the Eastern Pacific (Figure 7 ), river-influenced gauges, such as San Francisco, CA, Astoria, OR, and gauges near Vancouver Island, CAN exhibit (Figure 9 ). Compared to M 2 , fewer significant K 1 TACs are 
Yearly (TAC) Discussion
The yearly averaged response of the tides due to correlated MSL changes (TACs) show an overall mixed pattern of positive and negative responses in the Pacific. There is no apparent ocean-wide pattern that might suggest a single cause to the variability, but some regionally coherent patterns of variability are apparent. While many gauges show an increase in tidal amplitudes with increasing MSL (positive TAC), many exhibit a decrease (negative TAC), which suggests a variety of mechanisms may be at play.
The M 2 response to MSL fluctuations is strong in Hawaii, and along most of the northern US and Canadian coasts. The likely explanation of the TACs near Hawaii is a changing M 2 internal (baroclinic) tide, where it has been observed that changes in the M 2 amplitude due to the rotation of the internal tide phase is correlated to changes in sea level, with a unit change in sea level yielding a change in the tidal amplitude as DAmp tidal O(0.1DMSL) (Colosi & Munk, 2006 
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Diurnal responses (K 1 ) are largest in the Gulf of Alaska, with more negative than positive responses as compared to M 2 . Very strong negative tidal anomaly correlations are at Astoria, OR, San Francisco, CA, and near Vancouver Island, CAN in both semidiurnal and diurnal constituents; these tidal behaviors are likely due in part to the flows of the Columbia, Sacramento, and Frasier Rivers, respectively. That is, increased MSL is correlated with increased river flow, which causes frictional resistance to tidal propagation (Godin, 1991; Guo et al., 2015) . High sea levels are also correlated with El Niño periods and storminess at these gauges, which may also influence tidal amplitudes.
The tidal correlations at Puerto Montt, CHL are negative, and are of the largest magnitude observed at any station in this study. Presumably for tectonic reasons, the long-term MSL trend at Puerto Montt is negative, so the negative value of TACs correspond to an increasing tidal range. This station has a very large average tidal range, greater than 7 m, and these large TAC values are likely due to a local effect at Puerto Montt caused by the near-resonant geometry of the surrounding waters moving closer to resonance (C aceres et al., 2003; Pantoja et al., 2011) . The fjord system near Puerto Montt has a resonant period near 12 h (Aiken, 2008) , so MSL change may be changing the basin geometry and bringing it closer to semidiurnal resonance, increasing tidal amplitudes as MSL decreases. A similar mechanism is thought to be increasing tides in Long-Island Sound (Kemp et al., 2017) .
For M 2 TACs in the Western Pacific, negative correlations are observed in most in Japan, including the coast and southern island stations, but are very strongly positive at isolated stations along the central coast of Japan (Okada and Tokyo), which are very developed locations with active harbors (Min-sheng, 2000) . Diurnal tidal amplitude anomaly correlations are more mixed; correlations are mainly negative, but there are several positive TACs along the coast, and K 1 TACs are consistently positive in the southern island regions. Tidal correlations are of the largest magnitude along the central coast of Japan, and near Tokyo. This offshore area has regions of very complex bathymetry, and is also influenced by the effect of the Kuroshio Current, which branches south of Tokyo and exhibits annual and interannual variability (Mizuno & White, 1983) . Though tidal correlations are relatively coherent in the tightly concentrated tide gauge distribution 
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surrounding Tokyo, the tidal trends at the gauge at Tokyo harbor itself are among the strongest of any in the domain, and are mainly opposite in sign to the trends observed at the nearby gauges. Tokyo and surrounding ports have undergone massive harbor development and channel deepening over the past 50 years (Min-Sheng, 2000) , so the positive correlation of tides with MSL fluctuations is likely related to changing basin configuration.
Semidiurnal TACs are very strong and coherently positive in the Solomon Sea and Coral Sea regions at Honiara, SOL Manus and Rabaul, PNG, Port Vila, VAN, Pago Pago, USA, Kapingamarangi, FSM, and Brisbane, AUS, which may be due to a common mechanism, possibly a change in regional stratification, which was shown to be an important causative factor of tidal variability at gauges in the Solomon Sea (Devlin et al., 2014 ). An alternative explanation may be changing frictional characteristics due to water level changes over the shallow Great Barrier Reef system which may be affecting the greater Coral Sea via a ''coupled oscillator'' concept (Arbic et al., 2009; Arbic & Garrett, 2010) . Concentrations of large magnitude significant negative TACs are found in the SE Asian waters; these are related to the seasonal modification of tidal anomaly trends (i.e., STACs; see next section). Hong Kong in particular exhibits a very strong positive TAC in both diurnal and semidiurnal constituents.
The yearly based TAC method presented here identifies regions that show a correlation between MSL variability and tidal variability, though no basin-scale patterns can be found. One can interpret the lack of largescale variability by considering the tide equations. Tidal models such as the Oregon State Tidal Inversion Software (OTIS) (Egbert & Erofeeva, 2002 , rely on a depth-integrated method, and include a linearization of the quadratic friction term that is inversely proportional to depth. Since most of the ocean is very deep, a fluctuation of order 0.1 m (such as considered in this study) will not significantly change the scaling of the terms in the tide equations, and therefore, the solution. However, as water depth becomes shallower on continental shelves and within harbors (where most of the world's tide gauges are located), the probability of local tide responses to sea level fluctuations grows. In regions that have a substantial continental shelf, the ''coupled oscillator'' concept (Arbic et al., 2009; Arbic & Garrett, 2010) can become plausible. In addition, changes to amphidromic systems also become more plausible in shallow water, particularly where cotidal lines are tightly spaced (e.g., M€ uller, 2011; Pickering et al., 2012) . By this reasoning, locations with steep continental shelves and deep water located close to the shore will not show coherent tidal anomaly correlations, but shallower regions such as found in the China Seas would be more sensitive.
Both MSL and tides can be affected by a variety of mechanisms (e.g., friction, river flow, stratification, upperocean warming, resonance) some of which may also be correlated to each other (e.g., upper-ocean warming and stratification). Some gauges may be located within marginal seas or bays in which resonance may a factor. Coastal systems may have higher tides as MSL rises because the local morphology becomes closer to the resonant period of the forcing tides, but the opposite may also occur for systems where rising MSL draws the local environment away from the resonant period of the forcing tides. Friction is another factor that may be affecting the response of tides as MSL changes. Therefore, while it is difficult to confidently attribute the observed variability to any one mechanism, and some mechanisms may have oppositely aligned effects on tides and MSL (e.g., river flow), the correlations do provide a starting point to motivate future studies and/or modelling work.
Seasonal Tidal Anomaly Correlations (STAC) Results
The seasonal tidal patterns are analyzed using seasonal tidal anomaly correlations (STACs), the difference between the maximum monthly TAC and the minimum monthly TAC. Stations that show a STAC of greater than 100 mm m 21 will be discussed in the text for M 2 and K 1 , Exact values of the M 2 and K 1 STACs are shown in Tables 1 and 2 , along with the timing of maximum and minimum determinations (month # of occurrence). Supporting information . The timings of extrema are also very coherent, as most of these gauges reach maximum STAC determinations in August, and minimum determinations in March. Elsewhere in the Pacific, Puerto Montt, CHL and Papete, TAH show some moderate seasonality, as do the gauges at Keelung, TWN, and Toba and Tokyo, JPN; these have maxima during July and minima during February. 3.3.2. K 1 STAC Results As for M 2 , a tight concentration of strongly seasonal K 1 STACs in the Pacific is seen in North America and Southeast Asia. In the USA and Canada, the regions of seasonality are like M 2 but not identical; seasonality is not present in K 1 at any gauges south of Astoria, OR, but is present at Neah Bay, WA and Seattle, WA. As for M 2 , Point Atkinson, CAN has a notably large seasonal difference of 552 mm m 21 , though Queen Charlotte, CAN, which had a significant M 2 STAC, does not show a similar determination for K 1 . The bulk of seasonal behavior is concentrated in the Southeast Asian waters, with a seasonal difference exceeding 300 mm m 21 at some locations. Temporal coherence in the Southeast Asian waters is not as clear as it was for the semidiurnals, but most maxima happen during late summer, and most minima happen during fall or early winter. In the remainder of the Pacific, some moderate seasonality exists at isolated gauges in Australia (Brisbane, Hobart, and Booby Island) and Japan (Hamada, Hakodate, Hachinohe, and Miyako).
Seasonal (STACs) Discussion
Most locations did not show significant seasonal variability (<100 mm m 21 range), indicating that the response of tidal properties to MSL fluctuations is relatively constant throughout the year, or that seasonal relationships are below the noise floor. However, some regionally consistent exceptions exist (Table 1) . Forty gauges exhibit significant M 2 STACs (Table 1) , of which 10 are in the Northeast Pacific in the vicinity of major rivers. Since river flow is a seasonal process, it can strongly affect water level, this is the likely explanation for
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the observed seasonality (Moftakhari et al., 2013 (Moftakhari et al., , 2017 Vandenberg-Rodes et al., 2016) . River flow can directly influence friction at locations such as San Francisco and Astoria, and at other locations such as Point Atkinson or Queen Charlotte City, river flow can alter stratification, which can influence friction indirectly. River flow interactions are also important at the annual scale, as the river is providing friction from outflow year-round. However, the river flow may interact with tides differently on the seasonal scale than seen at the annual scale, since nearly every major river has a season of increased flow (e.g., freshets), which provide a season of increased friction; this seasonal variability will not be resolved in annual analyses. Other explanations include the yearly cycle of storminess (Gr€ awe et al., 2014) . A few gauges in Japan and in the Southeast Pacific also exhibit seasonal patterns (Table 1) . A possible explanation may involve the seasonal modulations of the strong offshore Kuroshio Current (Mizuno & White, 1983) . The majority of seasonal variation is found in the Southwest Pacific, with the strongest seasonality occurring in the seas around Malaysia. 
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Approximately 20% of gauges (32 total) exhibit significant K 1 STACs, with most clustered near large rivers in the Eastern Pacific or in the semienclosed region around Malaysia. The Malaysian region is strongly affected by the yearly monsoon cycle, which brings a seasonal pattern of sustained directional winds and seasonal precipitation, which can influence river runoff and freshwater flux, therefore, the seasonal behavior is likely tied to these meteorological factors (Wyrtki, 1961) .
Conclusions and Future Work
Ocean tides, once considered to be a largely solved problem, as subject primarily to predictable astronomical forces, are changing worldwide. This work has identified likely reasons for the changes, and identified some regions where such changes are relevant and worthy of future study. One commonality regarding the causes of observed tidal changes is the concurrent changes in mean sea level (MSL). MSL rise can affect the tidal dynamics directly, particularly in shallow coastal or harbor regions, and change frictional and resonance properties (Amin, 1983; Hoitink & Jay, 2016; Holleman & Stacey, 2014; Jay et al., 2011) . The mechanisms that influence tides include: sea level and bathymetry, river flow, changing bed friction due to harbor development and other causes, barotropic friction effects, heat content, buoyancy, stratification, mixing and eddy viscosity, ocean currents, waves, storm surge, and indeed any source of energy input. Mean sea level is influenced by heat content, glacier melt, and relative land motion. The influence of the latter three factors, assumed to occur on long time scales, are removed by detrending, but heat content may affect tides and MSL independently. At the same time, changes in both MSL and tides can reflect factors which influence both, such as changing stratification.
Understanding the interactions of tidal evolution and MSL change requires first definition of tidal variability, MSL fluctuations and their correlations. Accordingly, tidal variability at 152 tide gauge stations in the Pacific Ocean was analyzed in relation to MSL variability at both the yearly and seasonal time scales. No obvious basin-wide pattern of change is found, but rather, a collection of regionally coherent patterns, with considerable variability from gauge to gauge, is observed. A larger relative occurrence of tide gauges with significant TACs were found in the Western Pacific as compared to the Eastern Pacific, where MSL rates are typically much larger than the global average (Devlin, 2016) . About 44% and 46% of gauges are significant in K 1 and O 1 in the west compared to 29% and 30% in the east, and 63% and 53% of gauges in the west are significant in M 2 and S 2 versus 47% and 32% in the east. Overall, tidal variability at 92% of the gauges studied showed a significant correlation with MSL variability for at least one tidal constituent. This study has shown that short-term rises in sea levels and tidal properties interact in a complex manner, leading to amplified tidal constituents in some cases, but damped tides in others. Because tide and mean sea level anomalies are correlated, some locations will exhibit greater flooding than that predicted using the assumption that tides are stationary compared to sea level variations and trends. This study suggests locations where the potential for longer time scale (decadal or century) shifts in tides are possible. While our methods provide a measure of individual system sensitivities to small sea level variations, process-scale models are required to assess the effects of larger perturbations to depth (e.g., Arns et al. 2017; Familkhalili & Talke, 2016; Pickering et al., 2012) , and the response of tides to sea level changes might be nonlinear for changes greater than 1 or 2 m. Yet, for the range of changes explored in this work, the assumption of a linear response of tidal amplitudes to sea level variations should be valid.
How important are the correlations between tidal and MSL fluctuations quantified here? Many of the Western Pacific coasts that show large TACs are also densely populated, and are likely to experience the damaging effects of increased high-water levels before most parts of the globe. This makes accurate knowledge of these regional dynamics vital to the health of coastal infrastructure and the welfare of coastal inhabitants. Most yearly TACs of note were regional in scale, such as the strongly negative TACs observed at North American tide gauges situated in river estuaries, the anomalous pattern of TACs in and around Tokyo harbor, the large positive TACs observed at Hong Kong, and the large negative TACs at Puerto Montt, Chile. These local phenomena will all be given closer scrutiny in future work. Another future step will be to explore the methodology of using mean tide level (MTL) in lieu of MSL as a covariate to better understand the observed tidal variability (Woodworth, 2017) . This technique involves an averaging of extrema, and in some ways, will have less information than MSL. However, it will also have the advantage of inclusion of shallowwater overtide fluctuations, which may reveal stronger correlations.
Significant seasonal tidal anomaly correlations (STACs) were observed at about a quarter of all gauges, mostly confined to specific locations, such as around US and Canadian gauges that are influenced by seasonal river flow characteristics, and in the waters of Southeast Asia. The latter region is under the influence of the monsoon system of rains and winds, a likely causal mechanism. The seasonality of all tidal constituents in Malaysia and neighboring countries is exceptionally strong and coherent, in both a spatial and temporal context. This subregion of the southwest Pacific is investigated in a companion study to this work to explore possible monsoon-related mechanisms, e.g., MSL change, geostrophic and Ekman currents, and stratification.
